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Characterization of arsenic contamination in groundwater by statistical methods

Abstract. Statistical investigation on groundwater arsenic concentration data of southwest Bangladesh was performed. Two data sets of 1998-99 and 2002-03 were selected for this analysis. Summary statistics of the data shows that the mean concentration exceeds the Bangladesh limit (0.05mg/l) in all areas. Normality of arsenic concentration data was checked by frequency histogram, skewness coefficient and chi-square goodness-of-fit test and found that the arsenic contamination is not normally distributed. The data were checked for spatial distribution by plotting contour maps and it shows substantial spatial variation. Temporal variability was tested by student’s t-test and found that the area closer to the confluence of Ganges-Meghna-Jamuna river showing significant temporal variation. Vertical variability of arsenic contamination shows that more than 80-90% of the shallow aquifer (<150m) are contaminated with arsenic (>0.05mg/l). Though deep aquifer (>150m) is still considered as arsenic free but 1-3% of deep tubewells water was also found contaminated with arsenic. 





In 1960s, people used natural or man-made surface water in Bangladesh without any treatment. As a result, water-borne diseases were very common and thousands of people (especially infants) were died because of unsafe drinking water. As a solution, UNICEF and World Bank advocated the use of tapping groundwater because it is clean, plentiful and pathogen-free (Smith et al. 2000). Millions of tube wells were constructed and infant mortality and diarrheal illness were reduced by fifty percent. Private tube wells are increased exponentially since 1970s because the sediments in Bangladesh are predominantly non-indurated and easy to drill by hand, at least to shallow depth. Water tables vary across the country but are typically shallow at around 1-10m below the ground surface (BGS-DPHE, 2001). For these reasons, people were interested to install tube wells and currently, more than 10 million tube wells are installed in Bangladesh. From these wells, water of more than 12,000 million m3 is abstracted in every year from the underground sources (Fazal et al. 2001a). Unfortunately, many of these tube wells are supplying arsenic contaminated water. 

Arsenic contamination in groundwater of Bangladesh was first detected in 1993 by the Department of Public Health Engineering (DPHE) in the district of Chapai Nawabganj and the issue came to the World’s attention in 1995. Since then, considering the gravity of the problem, a large number of studies and nationwide surveys were conducted at different times in the country. In 1998-99, British Geological Survey (BGS) and DPHE conducted a nationwide survey and documented arsenic concentration data in phase 1 and 2 respectively (BGS-DPHE, 2001). It was reported that the groundwater of 61 surveyed districts out of 64 was contaminated by arsenic. Extensive arsenic surveys carried out by the Dhaka Community Hospital (DCH) in association with School of Environmental Studies (SOES) in 1995-2000 were crucial in raising public awareness to the extent of contamination. They analyzed 22,003 hand tube-well water samples from 64 districts and showed that 47 districts are above the limit of arsenic concentration (0.05 mg/l) (SOES-DCH, 2000). They identified 918 villages having arsenic concentration above the Bangladesh limit of 0.05 mg/l. Since 1997, there were an increasing number of studies of arsenic contamination carried out by Government and Universities, NGO’s and other agencies. A number of different field-test kits became available at that time and these were used by NGO Forum, BRAC, Grameen Bank and others for testing arsenic in groundwater. 

The Government of Bangladesh (GOB), with the assistance from the World Bank (WB) and Swiss Development Cooperation (SDC) initiated a national program to address the Arsenic problem under the Bangladesh Arsenic Mitigation Water Supply Project (BAMWSP). A National Arsenic Mitigation Information Center (NAMIC) was established within BAMWSP which was a technical and operational entity to facilitate decision-making and providing necessary information and to collect arsenic related information and to integrate, store and disseminate the information. In 2002-03, BAMWSP along with other stakeholders conducted screening program for tube well screening and patient identification. BAMWSP screened 189 thanas out of 271 arsenic prone thanas with the help of NGOs, Local Government Organizations and local people. They also collected data from other organizations, such as UNICEF provided 43 thana’s data, DANIDA provided 8 thana’s data, WPP provided 15 and Asia Arsenic Network (AAN) provided 1 thana’s data. NAMIC processed all of these data under national screening program which is readily available in DPHE. This data set covers entire available shallow (<150m) and deep (>150m) tube wells under the concerned thana and is represented as NAMIC-DPHE (2002-03) data series in this study. 

In addition to these 3 major reports (BGS-DPHE, 2001, SOES-DCH, 2000 and NAMIC-DPHE, 2002-03), numerous papers and articles related to arsenic contamination of Bangladesh groundwater have been published in local and international journals, newspapers and internet sources (Chowdhury et al. 2000; Karim et al. 1997; Neumann et al. 2009; Tareq et al. 2003; Nickson et al. 1999; Safiuddin and Karim 2001; DCH, 2000; Halim et al. 2009; Fazal et al. 2001b; Bridge and Hussain 2000). The surveyed results were presented in terms of tables and maps but none of the documents shows complete updated statistical information because of the unavailability of the data series in the time of investigation and the difference in scopes of each individual studies. The increasing problem of groundwater quality has resulted in a need for information on arsenic concentration in groundwater and a corresponding awareness of the importance of monitoring. The design of effective monitoring (statistical sampling) programs and the selection of appropriate statistical methods for analyzing groundwater quality variables (such as arsenic) requires an understanding of the behavior of the random variables of concern (Harris et al. 1987; Montgomery et al. 1987; Anwar and Bari 2001; Nur-E-Kawonine 2008). Statistical analysis of data is performed in order to detect the changes in groundwater quality over time or over space. The choice of statistical methods is dictated both by the information expectations of water quality regulators and the statistical characteristics of the water quality variables. From a statistical viewpoint, all water quality constituents are considered random variables. The effective design of monitoring programs for arsenic and subsequent utilization of data obtained depend upon an understanding of the general statistical characteristics of arsenic concentration in groundwater. To select appropriate statistical tests for change in arsenic concentration, one must know whether the data of concern are normally distributed, exhibit temporal and spatial variations or shows vertical variation. Characterization of variables in these terms is a necessary first step in regulatory data analysis and hence it was performed in this study. 

2 Study Area 

Southwest region of Bangladesh includes the greater administrative districts of Jessore, Khulna, Barishal, Kushtia and Faridpur was selected as the study area (Figure 1). This area is selected because there is a wide variation in arsenic concentration in this region as given in the previous studies (DCH 2000; Halim et al. 2009; Fazal et al. 2001a; Tareq et al. 2003). Moreover, this area has a distinct and significant geological formation. The area is underlain principally by poorly consolidated or unconsolidated rocks of tertiary and quaternary rocks. Throughout the Quaternary, the combined Ganges, Brahmaputra and Meghna (GBM) river system has deposited a thick sequence of mixed alluvial and deltaic sediments in response to changes in sea-level rise and fall brought by glacial cycles (BGS-DPHE 2001). The region is floored with quaternary sediments deposited by the Ganges-Padma, and lower Meghna rivers and their numerous tributaries and distributaries combined with the coastal deposits. The geological formation of this area is deltaic with Deltaic Swamp, Deltaic Tidal and Deltaic Fluvial formation. Sediments on a delta plain are rich in decomposed organic matters and highly oxidized. The fine-grained silts and clays normally contain a greater concentration of iron and many minor elements, including arsenic. Seismic refraction survey data of the western part of this Ganges delta shows the existence of a series of stacked channels containing coarse-grained sediments at depths greater than 500m (BGS-DPHE 2001). Besides, the flat delta region leads to extremely low hydraulic gradients and correspondingly low rates of flushing the aquifer. This means that the arsenic released accumulates and the resulting arsenic concentration in groundwater is high in this area. 





3 Data Collection 

In addition to NGOs and universities, DPHE is the main governmental agency in Bangladesh to monitor and analyze the groundwater samples for arsenic concentration. Arsenic concentration data from two big studies were taken for statistical characterization in this research which includes the data series of 1998-99 (BGS-DPHE 2001) and 2002-03 (NAMIC-DPHE 2002-03) respectively. These data are archived in DPHE and were collected from them. The reason for selecting these data series is that it covers the whole country and the samples were collected from both shallow and deep tube wells simultaneously. The data collected from NAMIC-DPHE (2002-03) were in MS ACCESS format and all the data were converted to MS EXCEL format. The data of 1998-99 series were in MS EXCEL format but the unit was converted from µg/l to mg/l. The data series for the study area were checked for consistency and continuity before the statistical tests began. Another arsenic concentration data on deep tubewell water collected and preserved by DPHE was also used for characterizing vertical variation in this study (DPHE 2005).

4 Method of Analysis and Discussion

4.1 Summary statistics of arsenic contamination









Empirical distribution of observations, generally represented by frequency histograms, provides a visual indication of the symmetry of probability distribution. Histograms were constructed using 2002-03 data series for 36 thanas (Jessore-8; Barisal-8; Faridpur-8; Khulna-7 and Kushtia-5 thanas) in all 5 districts. The data series 1998-99 was not used in this analysis because of inadequate sampling points. The plotted histograms of two thanas (Chowgacha and Keshabpur) in Jessore districts are shown in Figure 2. Results revealed that frequency distribution of arsenic concentration appeared to be skewed right. Qualitatively, the degree of skewness varied considerably for the parameters which contain only a few values that are significantly larger than the average values. Two possible reasons for these large values may be of (i) measurement errors, in which case the high values may be disregarded, or (ii) groundwater contamination, in which case the high values may belong to a "population" different from that of the remaining sample values. In either case, variables that have symmetric frequency distribution except for a few large values might be assumed to be approximately normal, particularly if the large values were excluded (Haan, 1977; Harris et la. 1987; Anwar, 1995). In practice, one must carefully justify and document the removal of any data values. Results show that most of the values fall in the range of 0-0.05 mg/l which is smaller than the average value. The frequency for this class interval is significantly large compared to the frequencies of any other classes. In certain areas groundwater is contaminated, in which case the high values belong to a “population” different from that of the remaining sample values. For this reason, arsenic concentrations may not have a symmetric frequency distribution which means arsenic concentrations do not show normal distribution.













Coefficient of  Skewness	3.288	0.7146	4.78	1.08	2.385	1.986	4.65	0.9749	7.827	2.314




Skewness is the measure of symmetry of the distributions and can be a conclusive indicator of non-normality. Skewness characterizes the degree of asymmetry of a distribution around its mean. In a symmetrical distribution the values of mean, median and mode are alike. In a skewed distribution these values differ. If the value of mean is greater than the mode, skewness is said to be positive. On the other hand, if the value of mode is greater than mean, skewness is said to be negative. The skewness coefficients of arsenic concentrations for two different time-series and different areas were calculated and found it varying from 0.71 to 7.82 for all the districts (Table 1). Characteristic skewness coefficient of alternative distributions is suggested by Harris et al. (1987) such as, Normal (0.00); Exponential (2.00); Chi-square (2.83); Lognormal (6.18); and Hyperexponential (6.43). Results revealed that all the values of mean arsenic concentrations are greater than the mode resulting in the positive values of skewness indicating that the distribution is skewed to the right i.e., positively skewed in all the areas. 
Figure 2 	Frequency histograms of arsenic contamination in (a) Chowgacha and (b) Keshabpur thanas of Jessore District
	

4.2.3 Chi-square (χ2) Test

The Chi-square goodness-of-fit test was used to test for a significant difference between the distribution suggested by a data sample and a selected probability distribution. Here the test assumed the data drawn from a normal population; chi-square test checked the validity of this assumption. The hypothesis of χ2-test was performed at 5%significance level and the computed χ2 was compared with critical χ2 value (McCuen, 1993). The results revealed that the computed χ2 values in all areas are larger than the critical χ2 values, which indicates that the arsenic contamination does not show normal distribution. 

4.3 Spatial distribution of arsenic contamination

Physical and chemical heterogeneity in hydrogeology of an area, due to variations in porosity, permeability, thickness of layers and in sediment mineral composition, are the main reason of spatial (lateral) variation of contaminant concentration in groundwater. Also variation in infiltration, water composition and quantity, groundwater flow may be of importance. In this section, the spatial (lateral) variation/distribution of arsenic concentration in the study area is investigated for 1998-99 data sets. The percentage of tube wells from the shallow aquifer (>150m) exceeding Bangladesh standard of 0.05mg/l and their spatial distribution is shown in Figure 3 (BGS-DPHE 2001). It shows that most of the areas exceed the Bangladesh limit in the southwest part of the country (study area). This is because of the study area is located within the alluvial, deltaic plains of Ganges, Meghna and Jamuna rivers. 

Next, the spatial variability is checked by contour maps. Contours are imaginary lines joining points of equal altitudes upon the earth’s surface and the map showing the altitudes of all these points is called contour map or topographic map. Contours are generally plotted at equal intervals known as contour intervals. Two contour lines representing different arsenic concentration values do not cross each other; all points on a contour line have the same value of arsenic concentrations. Contour lines run close together in the area of high variability of arsenic concentrations and they run wide apart in the area having more or less uniform distribution of arsenic concentrations. In this paper, contour maps are produced for arsenic concentration data in the study area which efficiently represents the spatial distribution of arsenic contamination in the area. Contour maps produced for different districts using ARCVIEW GIS are shown in Figure 4. Results revealed that three locations in Kushtia, two in Khulna and one in Faridpur district are showing very high variability of arsenic concentration. In addition to these locations, there are few number of locations with moderate variability of arsenic concentration in Jessore and Barisal district. A major limitation of these results is that the depth of the well is not considered which may have significant effect on arsenic distribution. But the results can provide immediate insight to the problems and helps the planners and agencies to identify the most severe contaminated area.







4.4 Temporal variation of arsenic contamination

Temporal variations in groundwater quality may be significant in shallow highly permeable aquifers due to variations in flow direction, recharge, geochemical processes or man-made input to the land surface (Bjerg and Christensen 1992). Like other groundwater quality parameters, arsenic concentrations also show variation over different time periods. Though arsenic dissolution mechanism is a natural geologic process, but some short-term events such as rainfall or flood may increase the amount of dissolved arsenic in groundwater because of sediment flow and deposit from the upstream side of the rivers. This may produce temporal variation in arsenic concentration. Seasonal variation in arsenic concentration was checked by Tareq et al. (2003) for pre-monsoon, monsoon and post-monsoon period in Faridpur area and found no radical change in seasonal arsenic contamination. But they observed that the highest contaminated wells are reduced to lower concentration in monsoon. The capillaries of the soils are filled up with water in monsoon and the water table rises up 2-3 meters and arsenic hotspots (highest concentrated location) may be diluted. In the current paper, temporal variation was investigated statistically using two-sample t-test for two time periods of 1998-99 and 2002-03. Student’s t-test is performed at 5% level of significance to show whether or not the mean concentration of arsenic in groundwater has significantly changed between these two time periods. The results revealed that there are few thanas in Faridpur district showing significant temporal changes in arsenic concentration. This may be attributed to the fact that these areas are the flood plain situated on the Ganges-Meghna basin at the confluence of the Ganges-Jamuna-Meghna Rivers. The aquifer beneath the alluvial and deltaic plains at Ganges-Meghna basin is Holocene floodplains. There may be three mechanisms which can describe the arsenic dissolution in groundwater in aquifer under such alluvial and deltaic plain. These include: (i) arsenic is released by oxidation of arsenical pyrite because of lowering water table which permits oxidation (ii) arsenic anions sorbed to the aquifer materials are displaced into groundwater by anion exclusion of phosphate resulting from the over application of fertilizer and (iii) anoxic condition permits iron oxyhydroxide reduction and release sorbed arsenic to groundwater (Dowling et al. 2002; Halim et al. 2009; McArthur et al. 2001).  McArthur et al. (2001) reported that oxyhydroxide reduction is driven by microbial metabolism of buried peat deposits. Microbial activities may take place significantly in oxyhydroxide reduction where water is anoxic and organic matter is abundant such as, peatland supported deltaic or fluvial areas.

4.5 Depth-dependent distribution of arsenic contamination

In addition to spatial and temporal variation, arsenic data also show substantial vertical variation. The BGS-DPHE (1998-99) covered 41 districts and 14% of those data were obtained from wells deeper than 200m (Fazal et al. 2001a). In their study, only about 1% of the deep well samples were contaminated above 0.05mg/l. This is contrasted with 41% contaminated wells in the shallower aquifers. The SOES-DCH (2000) found the similar results. They analyzed the groundwater sample from the tubewells of 6.4 m to 400 m deep over 47 affected districts. Their results revealed that there is an increase of arsenic concentration around the depth of 15-20m and then it decreases with increasing depth (DCH-SOES, 2000). In the current study, arsenic concentration was plotted with depth for all the thanas using the data of 2002-03 and Figure 5 shows such plot for Faridpur Sadar thana. Geographical distribution of safe and contaminated tube wells at different depth is also shown in Figure 6 (DPHE-NAMIC, 2002-03). The results revealed that more than 80-90% of the tubewells in the study area located in the shallow aquifer (<150m) are contaminated with arsenic. The probability of wells being contaminated is strongly related to the depth at which they are screened. There is evidence that an increase in depth of screening is related to a sharp initial increase in the occurrence of contamination followed by a gradual decrease (Dowling et al. 2002). This might be because of lowering the groundwater due to excessive withdrawal. Arsenic is readily flushed from the aquifer by fresh groundwater. The rate of flushing of aquifer in the past is likely to be higher than the current time because of the higher groundwater abstraction at present. In 2005, DPHE performed another survey to detect arsenic concentration in the deep tube wells only. The percentages of deep tubewell water arsenic contaminations are presented in Table 2. The results revealed that more than 99% of deep tube well water is free from arsenic except Fardidpur where 3% of deep tube wells water is contaminated. Though the deeper aquifer of the study area appears to be less contaminated but it is a serious indication that the deeper aquifer may be at risk and further research is needed to understand the arsenic release mechanisms in deeper aquifer.


Figure 4 	Contour Map: Spatial distribution of arsenic concentration (µg/l) in different districts

(a) Jessore district	(b) Barisal district





Figure 5	Vertical variation of arsenic contamination in Faridpur Sadar thana in Faridpur district 


Table 2		Deep tube well arsenic contamination (DPHE, 2005).




















Figure 6	Geographical distribution of safe (green) and contaminated (red) tube wells at different depth (source: DPHE-NAMIC, 2002-03)

Depth 4.5m	Depth 76m to <152m
Depth >4.5m to <15m	Depth 152m to <228m
Depth 15m to <46m	Depth 228m to <305m





BAMWSP		Bangladesh Arsenic Mitigation Water Supply Project
BGS			British Geological Survey
BRAC			Bangladesh Rural Advancement Committee
BWDB			Bangladesh water Development Board
DANIDA		Danish International Development Agency
DCH 			Dhaka Community Hospital
DPHE 			Department of Public Health Engineering
GIS			Geographical Information System
GOB 			Government of Bangladesh
GPS			Global Positioning System
GSB			Geological Survey of Bangladesh
NAMIC 		National Arsenic Mitigation Information Centre
NGO			Non Government Organization
SDC 			Swiss Agency for Development and Co-operation
SOES			School of Environmental Studies
UNICEF		United Nations International Children’s Emergency Fund
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